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Introduction
Women are increasingly deferring childbirth until later in life (Alviggi, et al. 2009 ), but 47 despite recent advances in assisted reproductive technologies, there are no strategies to 48 address declining fertility with age. Unlike men, women are born with their lifetime supply of 49 gametes that are established before birth (Zuckerman 1951) . These are contained within non-50 growing primordial follicles, defined as the ovarian reserve (Findlay, et al. 2015b) , and 51 declines exponentially with age as the pool of oocytes are depleted by ovulation or, more 52 commonly, by atresia (Finch 2014) . However, the number initially established varies widely 53 between individuals, with a 70-fold range predicted at birth corresponding with a predicted 54 age range at menopause of ~38-60 years (Wallace and Kelsey 2010). The putative molecular 55 factors involved in the establishment and maintenance of the ovarian reserve are just 56 beginning to be elucidated (Findlay, et al. 2015a , Kelsey, et al. 2012 , Pangas 2012 , with a 57 balance between factors involved in follicle quiescence, activation or apoptosis integral to 58 ensuring the longevity of the reproductive lifespan (Reddy, et al. 2010) . 59 Importantly, environmental and nutritional exposures during the prenatal establishment of 60 ovarian reserve have been identified as critical determinants for the length of the female 61 reproductive lifespan and subsequent fertility, especially later in life (Richardson, et al. 62 2014). For example, animal models show that maternal exposure to endocrine disrupting 63 chemicals such as the plasticiser bisphenol-A (BPA) (Hunt, et al. 2012) , cigarette smoking 64 (Camlin, et al. 2016 ) and malnutrition (Bernal, et al. 2010 , Mossa, et al. 2013 2018) can all impact on the endocrine and nutritional milieu during pregnancy, resulting in 66 reduced follicle numbers. However, a common maternal insult that has not received as much 67 attention is prenatal alcohol exposure (PAE). Most health authorities advise abstinence from 68 alcohol consumption while pregnant or planning a pregnancy (National Health and Medical 69 Research Council 2009 , World Health Organisation 2004 . Despite this, recent reports 70 4 suggest that women are consuming alcohol both prior to pregnancy recognition (Ishitsuka, et 71 al. 2019 , McCormack, et al. 2017 , Muggli, et al. 2016 ) and late in pregnancy (Muggli, et al. 72 2016 , Umer, et al. 2020 , with rates as high as 50-60% in these studies and ~10% globally 73 (Popova, et al. 2017) . 74 Although the neurological and behavioural deficits in offspring arising from PAE are well 75 known, emerging evidence suggests that a much broader range of body systems can be 76 affected. This includes the reproductive system, with a recent systematic review identifying 77 deficits in males and females from both clinical and preclinical studies (Akison, et al. 2019) . 78 However, this review identified a general paucity of studies examining the female 79 reproductive system (3 clinical and 12 preclinical), with almost all studies focussing on age at 80 first menarche/puberty onset, which was significantly delayed in PAE offspring compared to 81 controls in most studies (Boggan, et al. 1979 , Esquifino, et al. 1986 , McGivern, et al. 1992 McGivern and Yellon 1992 , Robe, et al. 1979 . Importantly, no studies to-date have 83 examined impacts of PAE on ovarian reserve or long-term fertility. There are a few studies 84 reporting direct effects of alcohol consumption on ovarian reserve, with one study reporting 85 heavy binge drinking impacted on plasma AMH levels, a proxy measure for ovarian reserve, 86 in a group of African American women (Hawkins Bressler, et al. 2016) , and evidence of 87 earlier age at menopause in women with alcohol use disorder (Choi, et al. 2017 , Gavaler 88 1985 . 89 Other direct effects of alcohol on the female endocrine system have been reported 90 (Rachdaoui and Sarkar 2017) , resulting in irregular menstrual/estrous cycles, anovulation, 91 early menopause and elevated estradiol (E2) levels in both women and rodents. High alcohol 92 consumption has also been suggested to negatively impact on assisted reproductive outcomes, 93 with reduced oocytes retrieved, lower rates of pregnancy and increased risk for miscarriage 94 (see Van Heertum and Rossi (2017) for review). Previous studies of PAE on female reproductive outcomes in offspring have typically been 96 conducted in women with very high levels of alcohol use (clinical) or using chronic, high 97 doses (preclinical) (see Akison, et al. (2019) for review). However, this is not representative 98 of typical reported drinking behaviours in pregnant women, which are often episodic and at 99 low-moderate levels of alcohol, referred to as 'special occasion' drinking (McCormack, et al. 100 2017 , Muggli, et al. 2016 ). This study, using a rat model of acute, low-level exposure that has 101 been previously reported to result in a blood alcohol concentration (BAC) of ~0.05%, did not 102 result in fetal growth restriction but still produced sex-specific adverse metabolic outcomes in 103 adult offspring (Nguyen, et al. 2019 (Kilkenny and Altman 2010, Kilkenny, et al. 2010) . 121 A detailed description of the source of animals, housing conditions and treatments has been 122 previously reported (Nguyen, et al. 2019 Meat-Free Diet, Specialty Feeds, Glen Forrest WA, Australia) and water ad libitum. After an 126 initial acclimation period, dams were mated with a proven stud male (1200-1700) and (Nguyen, et al. 2019 ). An additional tail tip bleed at E19.5 was used to measure plasma 145 progesterone levels. Female offspring from neonatal cohort litters were collected at PN3 and 146 PN10 (1 -2 per litter per time point), weighed, culled via decapitation and ovaries collected 147 via microdissection. Ovaries were either snap frozen using liquid nitrogen and stored at -148 80°C for molecular analysis or fixed in 4% paraformaldehyde (PFA) for histological analysis. 149 At 6 months of age, two female offspring from adult cohort litters were culled via carbon 150 dioxide asphyxiation at proestrous. Whole blood was collected into EDTA tubes via cardiac 151 puncture for hormone analysis (estradiol). An additional female from each litter was used for 152 mating experiments as described below and whole blood collected via cardiac puncture at day 153 9.5-11.5 of pregnancy for hormone analysis (progesterone). All blood samples were 154 immediately centrifuged at 4000 rpm for 10 min at 4°C and plasma separated, aliquoted and 155 stored at -20°C until subsequent analysis. 176 At six months of age, one female from each litter had their estrous cycles monitored daily 177 using the EC40 estrous cycle monitor (Fine Science Tools) as described above for 21 days. 178 Following this monitoring period, the same animals were mated at pro-estrous with a proven 179 stud male (1200-1700) and pregnancy confirmed via presence of a seminal plug. The 180 following morning was designated as embryonic day (E) 0.5. Once pregnant, dams were 181 housed singly. At E9.5-11.5, pregnant offspring were culled by CO 2 asphyxiation, cardiac 182 blood was collected into EDTA tubes for future hormone analysis and the uterus was 183 removed. Implantation and reabsorption sites were counted as a measure of fertility. 184 Implantations rather than live birth rate was used to assess fertility to minimise animal 185 wastage, although we acknowledge that potential losses in late pregnancy may have been 186 missed using this method. (Thermo Fisher Scientific). Samples were then diluted 1:10 for a working concentration of 2 204 ng/ µL and stored at -20ºC. 205 Expression of genes involved in regulation of primordial follicle numbers were analysed 206 using real-time quantitative polymerase chain reaction (qPCR) (see Table 1 Table 1 for details) per 10 µL reaction. Relative gene 211 expression was determined using the comparative threshold method (∆∆CT) and normalised 212 to the mean of Hprt run in duplicate as the endogenous control. Only one endogenous control 213 gene was found to be stably expressed across all samples, regardless of experimental group, 214 from a previous pilot study of 10 commonly used endogenous control genes in similar 215 neonatal ovary samples exposed to prenatal alcohol (data not shown; see footnote to Table 1 216 for other genes tested). Fold-change was expressed relative to the average of the saline 217 control group at each age. 218 219 10 Ovarian histology and stereology 220 Ovarian follicle counts were performed on ovaries collected from neonatal offspring at PN3 221 and PN10 using unbiased stereology, considered the 'gold standard' for quantification of 222 cells in tissue sections (Geuna and Herrera-Rincon 2015). One ovary from each neonate (1-2 223 animals per litter, n = 8-10 per time-point per group; see Supplemental Table 1 for more 224 details) was fixed in 4% PFA, processed manually via increasing concentrations of EtOH and 225 xylene, and embedded in paraffin wax. Ovaries were serially sectioned at 5µm and every 9 th 226 section stained with Period Acid Schiff (PAS) and counterstained with haematoxylin. 227 Primordial, transitional and primary follicles were classified as previously described (Myers, 228 et al. 2004) . Briefly, single oocytes surrounded by a complete or incomplete layer of 229 squamous granulosa cells were considered non-growing, primordial follicles (i.e. the ovarian 230 reserve); single oocytes surrounded by a single layer of cuboidal granulosa cells were 231 considered primary follicles; and a mixture of squamous and cuboidal granulosa cells were 232 considered transitional follicles. Where oocytes were still clustered together in an ovarian 233 cyst or 'nest' prior to follicle formation (at PN3 only), these were counted separately. 234 The optical disector/fractionator method was used to quantify primordial, transitional and 235 primary follicles as previously described (Myers, et al. 2004 , Stringer, et al. 2019 nuclei, within the counting frame or on the inclusion boundary, counted to provide raw 245 counts of each follicle type (Q-). As thin sections were used, the entire 5 µm was counted (f3 246 = 5/5). To estimate the total number of each follicle type per ovary (N), the following 247 equation was used: N = Q-(follicle) x (1/f1) x (1/f2) x (1/f3). 248 Total secondary and antral follicle numbers were estimated per ovary by counting follicles 249 with a clearly defined nuclei within the oocyte in every 36 th section at 10X magnification. 250 Growing follicles were classified as previously described (Myers, et al. 2004 
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Results
271
Maternal parameters and postnatal growth 272 Data from dams used to produce offspring for the adolescent/adult arm of the study have 273 been previously reported (Nguyen, et al. 2019 ). However, these animals were also included in 274 the summary of maternal parameters for completeness. All dams were of similar weight at 275 mating and at time of gavage and pregnancy weight gain was similar across both groups pre-276 and post-gavage (Table 2 ). Water and chow consumption was also not affected by treatment 277 ( Table 2 ). Note that Nguyen, et al. (2019) also reported that for dams specifically used to 278 produce offspring for the adolescent/adult arm of the study, there were no significant 279 differences in blood glucose or energy intake post-gavage. There were also no differences in 280 pregnancy outcomes between EtOH and Control dams, including litter sex ratio, litter size 281 and plasma progesterone levels measured in late gestation (Table 2) . Nguyen, et al. (2019) 282 also reported that for dams specifically used to produce offspring for the adolescent/adult arm 283 of the study, there were no significant differences in the number of implantation scars, 284 suggesting no differences in potential late pregnancy loss prior to birth. Note that one dam in 285 the EtOH group had a litter of only 7 pups due to a suspected blockage in one uterine horn 286 (no implantation scars were observed) and so this litter was excluded from subsequent 287 analyses (both here and in Nguyen, et al. (2019)). BAC was measured in 6 out of 14 Control 288 dams, with BAC below the limit of detection at each time point. In EtOH-treated dams, mean 289 BAC was ~42 mg/dL (~0.04%) at 1 h following gavage at E13.5 and E14.5, but by 5 h post-290 gavage, was below the limit of detection on both days (Table 2) . 291 There was no difference in neonatal pup offspring weights at ovary collection on PN3 and 292 PN10 between EtOH and Control groups (Table 3 ). There were also no differences in weights 293 of adolescent offspring at PN28, one week post-weaning and just prior to monitoring for 294 13 puberty onset from PN30 (Table 3) . Adult offspring at 6 months of age were all of similar 295 weight across EtOH and Control groups before measurement of reproductive parameters at 296 this age (Table 3) Amh, Stk11/Lkb1, Cxcl12, Pten) at PN3 (Table 4 ) or PN10 (Table 5) . At PN3, there was a 305 trend for reduced expression of Cxcr4, involved in follicle growth, but this was at P = 0.04, 306 which was not below the 0.004 threshold when adjusting for multiple testing. 307 308 309 PAE did not impact the number of oocytes still clustered in ovarian 'nests' at PN3 ( Figure   310 2A) or the number of fully-formed primordial follicles (ovarian reserve) at PN3 or PN10 311 ( Figure 2B) . At PN3, the majority (~95%) of follicles within the ovary were primordial 312 follicles, with ~4% transitioning from primordial to primary and only 1% were primary 313 follicles ( Figure 2C ). However, by PN10, the contribution of primordial follicles to the total 314 follicle count within the ovary had dropped to ~68%, with transitional (~10%), primary 315 (~12%), secondary (~9%) and even a small number of early antral (~1%) follicles 316 contributing to the total follicle pool ( Figure 2D ). There were no differences in the number of 317 growing follicles at any stage in the ovaries from EtOH or Control neonatal offspring at PN3 318 or PN10 ( Figure 2C-D) . Puberty onset and estrous cycles in adolescent offspring 321 PAE did not impact the timing of puberty onset in female offspring, with both the Control 322 and EtOH groups experiencing puberty onset at an average age of PN38 ( Figure 3A) . The 323 cumulative percentage of offspring achieving puberty with increasing age was similar in both 324 groups, with all animals reaching puberty by PN45-47 ( Figure 3B) . Similarly, PAE did not Figure 4A . The number of 334 estrous cycles across the 21-day monitoring period ( Figure 4B ) and the estrous cycle length 335 ( Figure 4C ) did not differ between the Control and EtOH-exposed offspring. Plasma estradiol 336 levels in pro-estrous animals also did not differ ( Figure 4D ). 337 Following mating with a proven stud male at pro-estrous, all animals became pregnant within 338 5h post-mating, as shown by the presence of a seminal plug. Implantation rates at E9-11were 339 similar between the two groups, with dissected uteri containing an average of 15 implantation 340 sites ( Figure 4E ). PAE also did not impact the fetal resorption rate, with uteri of both Control in BACs of ~100-150 mg/dl (0.10-0.15%) (Elton, et al. 2002) . This is equivalent to 3-5 359 standard drinks consumed in two hours by an average weight woman (Leeman, et al. 2010) . 360 We report here that the average BAC across all EtOH-treated dams was ~42 mg/dl (0.04%), conducted throughout pregnancy and/or lactation (Bernal, et al. 2010 , Camlin, et al. 2016 , 386 with one recent study finding effects of a maternal low-protein diet also including the 387 preconception period (Winship, et al. 2018) . 388 Previous preclinical studies have reported that more extensive, higher dose PAE is associated 389 with delays in puberty onset in six out of eight studies (see Akison, et al. (2019) for review). 390 Most studies reported this as the cumulative percentage of females displaying vaginal 391 opening over time. Two studies in different rat strains showed that 100% of controls had 392 achieved puberty by PN40-42, while only 73% of EtOH-exposed offspring achieved this 393 developmental milestone by this age, with some animals delayed to as late as PN46 394 17 (Esquifino, et al. 1986, McGivern and Yellon 1992) . Aside from puberty onset, three 395 preclinical studies, all in rats, have previously examined estrous cyclicity using vaginal 396 cytology, with only one study reporting an increased incidence of acyclic females which 397 emerged with increasing age (i.e. at 6 and 12 months but not at 2 months; McGivern, et al. 398 (1995) ). The other two studies examined estrous cycles at 3.5-4 months of age and found no 399 differences (Hard, et al. 1984 , Lan, et al. 2009 ). This suggests that PAE may shorten the 400 reproductive lifespan, which is only apparent when examining older females. In our study, we 401 examined estrous cycles in female offspring at 6 months of age, an age of peak reproductive 402 capacity, and found no differences. Rats typically undergo reproductive senescence 403 (equivalent to menopause in women) at around 12 months of age, with subfertility at around 404 8-10 months of age (see Cruz, et al. (2017) for review). Thus, future studies examining PAE 405 in aged animals may be of benefit. This subfertile period typically occurs in humans at 37.5-406 51 years of age in humans, culminating in menopause at ~51 years of age (te Velde 1998). 407 Few studies (n = 4) have previously examined hormone levels in female offspring following 408 PAE (see Akison, et al. (2019) for review), with only one study in 10 week-old rats reporting 409 increased circulating estradiol levels at pro-estrous compared to controls (Polanco, et al. 410 2010). We found no effect of PAE on plasma estradiol at the same stage of the estrous cycle 411 at 6 months of age, nor on plasma progesterone levels during early pregnancy. There were 412 also no direct effects of ethanol on progesterone levels in late pregnancy in treated dams, 413 which is contrary to reports of reduced progesterone concentrations in response to alcohol 414 exposure, albeit in pre-menopausal, non-pregnant women (Gill 2000, Rachdaoui and Sarkar 415 2017). 416 We measured expression of a subset of potential factors involved in regulating primordial 417 follicle numbers to determine if these were affected by PAE. Numbers of these non-growing 418 follicles are controlled by a balance of factors that regulate activation and recruitment to the 419 growth phase and maintain quiescence via extrinsic (e.g. Amh, Inha) (Durlinger, et al. 2002 , 420 Myers, et al. 2009 , Pangas 2012 (Holt, 421 et al. 2006 , Jiang, et al. 2016 , Reddy, et al. 2008 , Reddy, et al. 2010 , Wear, et al. 2016 factors; and regulate depletion via pro-and anti-apoptotic factors (e.g. Bax, Bak1, Bcl2, 423 Bcl2l1, Bcl2l11, Puma/Bbc3) (Flaws, et al. 2001 , Hutt 2015 , Liew, et al. 2014 , Liew, et al. 424 2016 , Myers, et al. 2014 . While many other factors are emerging as being important, we 425 chose this subset to encompass these three major fates of primordial follicles -activation, 426 quiescence and apoptosis. Consistent with our follicle count data, we found no significant 427 difference in any of these factors, at least at the mRNA level, in neonatal ovaries exposed to 428 PAE compared to controls. We chose the early (PN3) and late (PN10) neonatal periods, as 429 these correspond with peak numbers of primordial follicles and a period of active recruitment 430 to the growing follicle pool in the rat (Picut, et al. 2015) . We did not look for any differences 431 in ovarian reserve in young or aged adult ovaries, given no evidence for differences in the 432 starting population of primordial follicles in neonates, no differences in molecular factors 433 regulating follicle numbers and no differences in the number of implantations in mated 434 adults, which is reflective of the number of ovulated follicles in that cycle. 435 Although we found no effects of PAE in this study, we emphasise that this same model did 436 produce sex-specific metabolic effects in offspring (Nguyen, et al. 2019) ,with males at 6 437 months of age, litter-mates of the adult females reported here, showing evidence of insulin 438 resistance. Female offspring were also examined but showed no evidence of metabolic 439 dysfunction. This suggests that this model of PAE can result in sex-specific programming of 440 long-term health. Therefore, it would be interesting for future studies to examine the impact 441 of this low-level PAE model on male reproductive parameters, especially as there is some 442 evidence that higher doses of alcohol during pregnancy can affect testis development and 443 long-term reproductive performance (Lan, et al. 2013 , Udani, et al. 1985 . Also, our previous 444 19 work in a model of PAE administered at a similar stage of gestation, but resulting in a higher 445 BAC, impaired renal development and resulted in a low nephron endowment with offspring 446 developing hypertension and renal dysfunction (Gray, et al. 2010 ). This suggests alcohol 447 consumption at this stage of gestation can cause significant long-term health problems but the 448 amount consumed and sex of the fetus plays an important role in determining outcomes. 449 
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Conclusions 450
Given that women are increasingly delaying child-bearing, it is imperative that nutritional or 451 environmental insults during pregnancy, that could impact on the establishment of the 452 primordial follicle pool and hence the reproductive lifespan, are identified. Results from this 453 preclinical study suggest that a moderate, episodic exposure to alcohol during pregnancy does 454 not impact on ovarian reserve and subsequent fertility in adulthood. However, the previously 455 reported metabolic deficits in male offspring from the same litters indicates that abstaining 456 from alcohol consumption during pregnancy is the safest option for long-term offspring 457 health. analysed using an unpaired t-test (parametric data) or non-parametric Mann-Whitney rank 718 sum test (indicated by + ) to determine significant differences between groups, with 719 significance determined at P<0.05. 720 Table 1 Primers used for real-time quantitative PCR analysis of genes regulating primordial follicle numbers. All primers were Assay-on-Demand primer/probe sets from Thermo Fisher Scientific (Richlands, QLD, Australia).
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